BACKGROUND: Different methods for ceruloplasmin tend to give different results in external quality assessment schemes. During the production of the certified reference material ERM-DA470k/IFCC discrepant measurement results were also found for ceruloplasmin measured with different methods, and consequently the protein could not be certified in the material.
lack of commutability, the use of a common material for calibration did not lead to harmonization .
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Ceruloplasmin is an enzyme synthesized in the liver containing 6 copper ions in its structure (1 ) , and it is the major copper-carrying protein in the blood (2 ) . Ceruloplasmin exhibits copper-dependent oxidase activity, which is associated with possible oxidation of Fe 2ϩ (ferrous iron) into Fe 3ϩ (ferric iron). Decreased concentrations of ceruloplasmin may indicate aceruloplasminemia, Menkes disease, or Wilson disease.
Since 1993 the majority of in vitro diagnostic measurement results for ceruloplasmin have been traceable to the certified value in the reference material ERM-DA470, which was certified for 15 serum proteins, including ceruloplasmin (3 ) . The use of ERM-DA470 has led to a reduction of between-assay variation for the majority of the certified proteins (4 ) . For ceruloplasmin, discrepancies between results from different methods continued to be observed by UK National External Quality Assessment Service (NEQAS) 6 (5 ) . A comparison of results obtained with a nephelometric (Beckman Immage) and a turbidimetric (Roche Cobas c 501) method showed both proportional and constant bias between the methods, despite the fact that both were traceable to the property value in ERM-DA470 (6 ) .
In 2008, the Institute for Reference Materials and Measurements (IRMM) released ERM-DA470k/IFCC as a replacement for ERM-DA470. ERM-DA470 was used for the calibration of all measurements performed for the value assignment of ERM-DA470k/IFCC. For ceruloplasmin there were considerable discrepancies between results from different methods falling into 2 main groups. As a consequence no certified value could be assigned for this protein (7, 8 ) .
A dedicated study was performed to assess whether these discrepant results were due to lack of commutability of ERM-DA470. Commutability of a material is a prerequisite if the common use of the material for calibration is to lead to equivalence of measurement results obtained with different methods. Commutability has been defined in the CLSI Guideline C53-A as a property of a reference material, demonstrated by the equivalence of the mathematical relationships among the results of different measurement procedures for a reference material and for representative samples of the type intended to be measured (9 ) . The Guideline C53-A describes approaches for the qualification of commutable reference materials. Here we present results of the investigation of the commutability of (candidate) reference materials for ceruloplasmin.
Materials and Methods
The study involved the measurement of serum samples and (candidate) reference materials with 8 different methods (Table 1) . Data were analyzed to assess whether the reference materials had the same properties as the serum samples with respect to their response in combinations of the methods used.
SAMPLES MEASURED
Each laboratory received 30 individual serum samples, consisting of 0.5-mL aliquots from serum donations used to produce the certified reference material ERMDA470k/IFCC (10 ). They were selected to cover the measurement interval for ceruloplasmin, but as they were obtained from healthy people there were no samples with very low values. The samples had been stored at Ϫ70°C for 15 months. Laboratories also received the following (candidate) reference materials: 1 vial of ERM-DA470, 3 vials of the lyophilized ERM-DA470k/ IFCC (certified values for 12 proteins), and 3 vials of the liquid frozen ERM-DA472/IFCC (certified value for C-reactive protein) (11 ) . ERM-DA470k/IFCC and ERM-DA472/IFCC were prepared from the same pool of processed serum, but the first was lyophilized and the second liquid frozen at Ϫ70°C.
The serum samples and reference materials were dispatched to the participating laboratories on dry ice, together with detailed protocols and reporting sheets. Lyophilized materials were reconstituted according to the protocol in the certificate, the day before the measurements. Serum samples were thawed on the day of the measurements.
The commutability of the serum samples that had been stored frozen was verified by comparing the results for these samples with the results of 10 fresh patient samples, measured both undiluted and at a 50% (volume fraction) dilution. The fresh patient samples were anonymized routine samples that had been stored at 4°C for less than a week. These fresh serum samples were measured next to the 30 frozen serum samples and the reference materials, with a BN ProSpec (duplicate measurements) and an Immage (triplicate measurements). 
Lack of Commutability of a Ceruloplasmin Material
For External Quality Assessment Service (EQAS) samples units of venous blood were collected into "dry" bags (without anticoagulant) from healthy donors attending the local UK National Blood Service donor center and allowed to coagulate. The blood was then centrifuged and the serum collected, frozen, and stored as individual donations at Ϫ40°C for 1-4 weeks. These serum donations were thawed, pooled (3-20 donations per pool), and mixed, and any stabilizing agent (sodium azide, Bronidox, or none) added, and then the pool was divided into aliquots. Aliquots were stored at 4°C and distributed to participants by post at ambient temperature within 5 days of pool preparation (fresh samples), or frozen and distributed after storage at Ϫ40°C for 4 -16 months (aged samples).
MEASUREMENT PROCEDURE
The methods used are summarized in Table 1 . Laboratories reconstituted the samples and performed the measurements according to a detailed protocol, and reported data in reporting sheets. All samples were measured in triplicate. First they were all measured in one analytical sequence in a first order. Then they were remeasured in the same order, and finally in reverse order. Control samples were measured at the beginning and at the end of each sequence. Measurement results for the reconstituted lyophilized reference materials were normalized taking into consideration the exact mass of the water used to reconstitute the materials.
DATA ANALYSIS

Method comparison.
Results from different methods were compared to each other on the basis of the mean values for the serum samples, using Passing-Bablok regression as implemented in the software program Analyse-It. The Pearson correlation coefficient was also calculated for each method comparison.
Commutability. We assessed commutability according to procedures described in CLSI Guideline C53-A (9 ) using Excel and R (12 ) . The analysis is based on the pair-wise comparison of sets of results using Deming regression, the calculation of a 95% prediction interval, and the conclusion on the commutability of the reference material on the basis of the position of its values with respect to the prediction interval.
EQAS data. Data from distributions of pools of serum distributed by UK NEQAS over the years [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] were examined. The pools were stored frozen at Ϫ70°C either without preservative, with sodium azide (1 g/L), or with Bronidox (1 g/L). The same pools were distributed 2 or 3 times, with intervals of 4 -16 months between the first and last distribution. The methods were grouped by platforms as Roche Integra, Dade (BN ProSpec and BNII), Immage, Olympus, and Abbott. The groupings were those used by UK NEQAS at the time of the measurements. Values reported were trimmed means for each method, expressed relative to the all-laboratory trimmed mean (ALTM).
Results
METHOD COMPARISONS
The mean CVs for the measurement results of the serum samples obtained when using the different methods were between 1.7% and 6.1%. The Pearson correlation coefficients were Ͼ0.98 for all pair-wise method comparisons. This indicates a very good correlation of the results of different methods. In contrast the slopes for the method comparisons varied from 0.56 to 1.42 (Table 2) . These values show that the measurement of the same serum sample provides very discrepant results with the different methods.
COMMUTABILITY OF ERM-D470, ERM-DA470K/IFCC, AND ERM-DA472
Laboratories measured a set of 30 individual serum samples together with ERM-DA472/IFCC, reconstituted ERM-DA40, and reconstituted ERM-DA40k/ IFCC in a single analytical run.
The suitability of the frozen samples used for the commutability study was verified in one laboratory in which both the BN ProSpec and the Beckmann Immage methods were implemented. The slopes of the measurement results of BN ProSpec with respect to Immage were 0.699 for the frozen samples and 0.705 for the fresh samples; the difference between the slopes was not statistically significant.
The commutability of the reference materials was evaluated by different approaches. The results obtained using Deming regression and comparison of the means of the results for the reference material with the prediction interval are shown in Fig. 1 . Table 2 summarizes the results of the commutability study for ERM-DA470. It is evident that ERM-DA470 shows considerable lack of commutability for certain combinations of methods. On the other hand it is commutable for all combinations of Roche Integra, Roche Hitachi, Dako Hitachi, and AU2700. ERM-DA470k/IFCC is commutable for most combinations, except for Dako Hitachi combined with Abbott Architect, Immage, or BN ProSpec I.
In some cases the 2 BN ProSpec datasets gave different results because the reference material is close to the limit of the prediction interval and will be inside or outside the prediction interval depending on the width of the prediction interval, which is a function of the repeatability obtained in that particular laboratory.
RESULTS FROM UK NEQAS
UK NEQAS regularly distributes aliquots of pooled patient EQAS samples to laboratories. The results had shown a lack of equivalence between results from different methods. In Fig. 2 For EQAS samples that were stored after the addition of sodium azide and then redistributed, the discrepancies between results from different methods are considerably reduced. For fresh EQAS samples the between-method CV was between 9% and 25%, and for EQAS samples containing sodium azide the between-method CV was between 1% and 6% (Fig. 2, B and C). For aged EQAS samples the results from different methods in fact agreed very well.
EQAS samples stored in the absence of a stabilizing agent showed variable ageing effects.
EQAS samples stored in the presence of Bronidox showed very comparable between-method CVs before and after storage (Fig. 2C) . The means per method did not change significantly after different storage times (Fig. 2D) .
Discussion
Measurement results for ceruloplasmin evaluated in this study are claimed to be traceable to the ceruloplasmin value in ERM-DA470 because this material was used in the calibration process. The results from the commutability study presented here show that the ERM-DA470 is not commutable for ceruloplasmin measurements for a substantial number of combinations of methods. It is commutable for subgroups of methods, e.g., for all combinations of Roche Integra, Roche Hitachi, Dako Hitachi, and Olympus AU2700 and for combinations of the Abbott Architect with BN ProSpec and Immage.
The deviation of results for ERM-DA470 from the correlation line for serum samples is largest for the combination of Immage and Dako Hitachi (Fig. 1C) . This is also the combination of methods for which results for EQAS samples are most discrepant, with Immage giving high values and Dako Hitachi giving low values.
In the results from UK NEQAS, methods using Olympus and Roche Integra platforms have a negative bias with respect to the means. Methods using Immage, Dade Behring, and Abbott platforms have a positive bias. This clustering is the same as found in the commutability studies. In Fig. 3 results from UK NEQAS for a material distributed when fresh and after storage 
Fig. 1. Examples of pair-wise commutability assessments for ceruloplasmin (CER) measurements in ERM-DA470, ERM-DA470k, and ERM-DA472.
The plotted values are the means per sample. The continuous black line is the results of a Deming regression, the dotted black lines correspond to the limits of the prediction interval at the 95% confidence level.
for 5 and 11 months in the presence of Bronidox are compared to results from the commutability study for 3 individual serum samples. It is clear that the trend is the same for both types of material. ERM-DA470 is commutable for combinations of Olympus and Roche, which both have a negative bias, or for combinations of Abbott and BN ProSpec (from Dade Behring) and Immage, which both have a positive bias. The same clustering was also found during the value assignment of ERM-DA470k/IFCC (7, 8 ) . ERMDA470k/IFCC was produced to replace ERM-DA470. The intention was to certify the concentration of ceruloplasmin in ERM-DA470k/IFCC. Value assignment measurements were carried out by 13 laboratories, using BN ProSpec, BNII, Olympus AU640, Immage, Abbott, and LX-2200 platforms with the reagents from the respective companies, and Hitachi platforms with Roche and Dako reagents. These measurements were all calibrated with ERM-DA470. With the Immage and Abbott methods high values were found for ceruloplasmin in ERM-DA470k/IFCC, whereas Olympus, Roche, and Dako Hitachi methods gave low values. The new reference material ERM-DA470k/IFCC was found to behave more like a fresh patient sample, and the bias between the values of the different methods was comparable to that found in UK-NEQAS. The commutability study also showed that ERM-DA470k/IFCC behaves more like a typical serum sample. ERM-DA470k/IFCC and ERM-DA472/IFCC are both commutable for more combinations of methods (see Table 1 in the Data Supplement that accompanies the online version of this report at http:// www.clinchem.org/content/vol59/issue9). However, the results from value assignment could not be used for certification because ERM-DA470, which was used for calibration, was not commutable. It is also possible that ERM-DA470k/IFCC and ERM-DA472/IFCC become less commutable upon storage, as both contain sodium azide. Therefore ceruloplasmin is not yet certified in ERM-DA470k/IFCC.
One could speculate on the causes of the lack of commutability of "aged" serum materials (serum materials stored frozen after addition of sodium azide), whether as EQAS samples or as reference materials. It was proposed that an alteration in ceruloplasmin structure upon storage leads to changes in antigen-antibody binding characteristics (5 ) . However, further investigations are necessary to fully understand the molecular changes caused by the ageing process.
In conclusion, the reference material ERM-DA470 behaves like an aged patient sample with respect to the measurement of ceruloplasmin. When the aged ERM-DA470 was the basis of the traceability for results of fresh EQAS samples, the between-method variation was high. When aged ERM-DA470 was used to provide traceability for aged EQAS samples the betweenmethod variation was very low. The fact that it was used by manufacturers to transfer values to in-house and kit calibrators then resulted in between-method bias for fresh serum samples. When aged samples, whose properties in terms of ceruloplasmin analysis resemble ERM-DA470, were distributed by EQAS the betweenmethod variation was very low. This indicates that the value transfer chain, reference material-in-house calibrator-kit calibrator-patient sample, was reasonably well under control by the manufacturers. This is also shown by the fact that for all methods the ceruloplasmin values found for ERM-DA470 are close to the certified value, 0.205 g/L with expanded uncertainty ϭ 0.011 g/L. Therefore the between-method variation can to a large extent be explained by the lack of commutability of ERM-DA470.
When ERM-DA470 was produced, all processing and value assignment procedures were extensively tested and validated. The reference material had led to a major improvement in the standardization of many serum proteins (4 ). However, proteins in serum are very complex, and minor modifications in either the protein of interest or the matrix can have a great impact on their measurement by homogeneous immunoassay. These modifications are often not detected by single-method approaches. The verification of the commutability of new reference materials and EQAS samples is necessary to prevent the introduction of method-dependent bias in measurement results. However, many reference materials used on a regular basis have not been characterized in terms of commutability. Therefore external quality assessment schemes may uncover between-method variations which then have to be investigated regarding the commutability of reference materials. However, this requires that the EQAS samples themselves are commutable. The present work and the publication from Beetham and colleagues (5 ) show that EQAS samples may lack commutability even when their processing is limited to pooling, addition of sodium azide, and freezing. The example of ceruloplasmin clearly shows that the use of a common calibrant that is not commutable will not result in full equivalence of results obtained with different methods.
